N-terminal telopeptide (NTX) is a bone resorption marker that is commonly referenced in clinical practice. Bone remodeling is also associated with changes in mineral components. Fourier transform infrared spectroscopy (FTIR) is utilized in the assessment of bone material properties and some parameters are reported to have associations with bone remodeling. e aim of this crosssectional study is to investigate the relationship between uNTX levels and FTIR parameters, utilizing prospectively collected study data for patients who underwent lumbar fusion surgery. Bone specimens were taken from iliac crest (IC) and vertebrae (V). Cortical (C) and trabecular (T) bones were separately analyzed. 22 patients (mean age 60.0 years (35.9-73.3), male : female 9 : 13) were included in the final analysis. Women showed significantly higher uNTX levels (male : female, median [range] 21.0 [11.0-39.0] : 36.0 [15.0-74.0] nM·BCE/mM, p � 0.033). Among women, a significant positive correlation was observed between uNTX and mineral-to-matrix ratio in IC-C. Among men, uNTX demonstrated significant negative correlation with collagen crosslinks (XLR: ratio of mature to immature collagen crosslinks) in IC-C, V-T, and V-C. In addition, uNTX was positively correlated with acid phosphate substitution (HPO 4 , a parameter of new bone formation) in IC-C, IC-T, and V-C. After age adjustment, HPO 4 in IC-T and V-C among men showed significant positive associations with uNTX (IC-T: p � 0.018, R 2 � 0.544; V-C: p � 0.007, R 2 � 0.672). We found associations between FTIR parameters and uNTX in men, but not in women. e correlations between uNTX and FTIR parameters in men might suggest a better balance of bone breakdown (uNTX) and new bone formation (FTIR parameters: XLR, HPO 4 ) than in women.
Introduction
Bone turnover includes bone formation and bone resorption processes [1] . It has been reported that bone turnover plays an important role in bone strength and fracture risk [2] [3] [4] [5] . Currently, several bone turnover marker assays utilizing blood or urine samples are commercially available. Urine N-terminal telopeptide (uNTX) is a collagen I derived bone resorption marker. uNTX has been one of the most commonly referenced markers in clinical practice [6, 7] . e advantage of utilizing uNTX in daily practice is that it is less sensitive to circadian changes and food intake than other bone turnover makers [8] . High uNTX is an indicator of increased bone resorption. Studies have demonstrated that uNTX is a significant predictor of fracture risk in postmenopausal women in addition to other bone resorption markers [5] .
Bone tissue remodeling is also associated with changes in tissue mineral components [9] . Fourier transform infrared spectroscopy (FTIR) is a technique that utilizes a spectrometer that is coupled with a light microscope and allows point-by-point mapping of molecular species composition by detecting differences in reactions to light [10] . FTIR has been used to investigate bone material properties, which is considered one of the major components of bone quality. Bone quality is defined as the determinants of bone strength that does not include bone mineral density (BMD). BMD is a measure of bone quantity, which is another component of bone strength. Although bone turnover markers and bone material property assessment by FTIR have been mostly independently developed, there might be linked associations between these two measures. Previous studies showed that certain FTIR parameters are associated with bone turnover [11, 12] . e purpose of this pilot study is to identify the association between a known bone resorption marker, uNTX, and FTIR parameters that are related to bone turnover, utilizing prospectively collected data.
Materials and Methods

Ethical Aspects.
Institutional ethics board approval was obtained for this study (IRB#2014-084).
e study was conducted in agreement with the Declaration of Helsinki II. All participants were provided oral and written information about the purpose of this study and procedures. Written informed consent was obtained from all individual participants included in this study.
Patients and Samples.
We obtained data from patients who had preoperative uNTX and available FTIR information from their iliac crest and vertebral bone samples. Patients were identified utilizing prospectively collected data for 60 patients who underwent instrumented posterior lumbar fusion surgery at a single academic institution. Considering racial differences and the effect of antiosteoporotic drugs, we included only Caucasian patients who did not receive drug therapy for osteoporosis. Urine NTX was measured utilizing urine samples taken on the day of preoperative office visit along with urine creatinine and routine preoperative workup (Machine model for uNTX analysis). e measurement of uNTX was performed in the institutional chemistry laboratory utilizing an automated immunoassay (Vitros ECi, Ortho Clinical Diagnostics, Rochester, NY).
During surgery, cortical (C) and trabecular (T) bone samples were obtained from the iliac crest (IC) and vertebral (V) bones. Iliac crest specimens were taken along with bone graft at the site beneath the posterior superior iliac spine, utilizing a 15 mm custom-made trephine set (Depuy Synthes, Raynham, MA), consisting of trephine guide wire, centering pin, drill, and pusher. A bicortical bone tissue sample was collected by penetrating the inner and outer cortical surfaces of iliac crest with the trephine. e size of the iliac crest bone specimen was determined by the thickness of iliac crest. Vertebral bone specimens were collected utilizing a customized 5 mm trephine (Depuy Synthes, Raynham, MA), consisting of drill and pusher, from the operated vertebral body in the same trajectory before pedicle screw insertion. e entry was usually at the confluence of the lateral border of the superior articular facet and the line of mid-transverse process. e trephine was inserted approximately 1 cm into the trabecular bone of the pedicle. Each sample was fixed with ethanol and embedded in polymethyl methacrylate (PMMA).
e embedded sample was sliced at 1-2 μm thickness with a microtome (Leica SM 2500, Leica, Germany) and then mounted on barium fluoride (BaF 2 ) infrared windows (SpectraTek, Hopewell Junction, NY, USA). Cortical bone and trabecular bone from the same sample were embedded in different blocks and analyzed separately.
FTIR Data Acquisition and
Processing. FTIR data from 2 μm sections obtained from embedded in PMMA specimens were collected at 6.25 μm 2 /pixel resolution on an infrared imaging system (Perkin-Elmer Spotlight 300, Perkin-Elmer Instruments, Waltham, MA, USA). From each specimen, a blinded examiner randomly chose five separate areas of intact cortical and trabecular bone for scanning at spectral resolutions of 4 cm − 1 as described in our previous studies [11, 12] . Utilizing image analytic software (ISYS 5.0 Image Analysis Software, Malvern Instruments, Columbia, MD, USA), images were corrected by subtracting the spectral contribution of PMMA.
e following FTIR parameters, as described in previous reports [10, 11, [13] [14] [15] , were calculated using ISYS software: mineral-to-matrix ratio (Min/Mat), which represents bone mineral content (correlated to ash weight), is calculated from the integrated area of phosphate (916 to 1180 cm − 1 )/amide I (1596 to 1712 cm − 1 ) peaks; Carbonate-to-mineral ratio (C/P), which reflects the level of carbonate substitution in the hydroxyapatite (HA) crystal, is calculated from the ratio of the integrated area of the n2 carbonate peak (852 to 890 cm − 1 ) and that of the phosphate; crystallinity (XST), which is related to mineral crystal size and perfection as determined by X-ray diffraction, is calculated as the 1030/1020 cm − 1 peak intensity ratio; collagen crosslink (XLR) network maturity (cross-link ratio) is estimated as the intensity ratio of amide I subbands at 1660 and 1690 cm
; acid phosphate substitution (HPO 4 ), which represents the substitution of HPO − 4 ions into hydroxyapatite lattice, characteristics of younger mineral, is calculated from 1128/1096 cm − 1 peak intensity ratio (Table 1) .
Other Variables and Correlation Analyses.
e correlation between uNTX and all FTIR parameters was analyzed and stratified by sex. As potential confounders, age, body mass index (BMI), and, if available, volumetric bone mineral density (vBMD) measured by quantitative computed tomography (QCT) were analyzed. QCT-vBMD was calculated using a phantom-less method by converting Hounsfield units (HU) to BMD values with quality assurance (QA) phantom data utilizing Mindways QCT Pro Software (Mindways Software, Inc., Austin, TX, USA).
Statistical analysis was conducted utilizing Mann-Whitney U test for continuous variables. Because of the low number of samples, determining linearities was difficult; thus we demonstrated both linear Pearson's correlation and Spearman's nonparametric correlation coefficients for univariate analyses. For FTIR parameter categories (Min/Mat, C/P, XLR, HPO 4 , and XLT) that showed statistically significant correlations in at least one of the pairs, age adjustment by linear regression model was conducted by setting each FTIR parameter as the response variable. All statistical analyses were performed utilizing R software (R for 3.1.0 GUI 1.64). Statistical significance was set at p value <0.05.
Results
Characteristics. 22
Caucasian patients (9 males and 13 females, median (range) age 60.0 (35.9-73.3)) with FTIR bone formation parameters and preoperative uNTX were included in the analysis. ree female patients had one or more samples which were unsuitable for FTIR measurement. erefore, we excluded two iliac crest cortical bone samples, two vertebral trabecular bone samples, and one vertebral cortical bone sample from the final analyses. Two patients (one male and two female patients) did not have QCT compatible preoperative CT; thus vBMDs could not be measured in these cases. None of the patients had a history of clinically significant recent fractures or oncologic, renal, or liver disease.
Women showed significantly higher levels of uNTX (male: median (range), 21.0 (11.0-39.0) nmol BCE/mmol·Cr; Table 2 . No statistically significant differences between male and female patients were observed regarding FTIR parameters (Table 3) .
Correlations between uNTX and FTIR Parameters.
In univariate analyses, Min/Mat in IC-C bone showed significance among women in nonparametric Spearman's correlation analysis. No significant correlation was observed between uNTX and other FTIR parameters. Among men, uNTX demonstrated significant negative correlation with XLR in IC-C, V-C, and V-C. In addition, uNTX was positively correlated with HPO 4 in IC-T, IC-C, and V-C (Table 4 and Figure 1 ).
Multivariate analyses with age adjustment were conducted for Min/Mat, XLR, and HPO 4 . After adjusting for age, HPO 4 in IC-T and V-T showed significant positive associations (IC-T: p � 0.018, R 2 � 0.544; V-C: p � 0.007, R 2 � 0.672). (Table 5 ).
Discussion
Our results demonstrated sexual differences in the associations between FTIR parameters and uNTX. In univariate [17, 18] . It was also reported that patients with histomorphometrically defined high-turnover osteoporosis, albeit not statistically significant, demonstrated higher HPO 4 contents than normal and low-turnover osteoporosis patients [19] . In the present study, there was a significant negative correlation between XLR and uNTX in univariate analyses and also a nonsignificant trend in multivariate analyses. XLR is the ratio of mature-to-immature collagen crosslinks. In age-adjusted patient cohorts, a high XLR reflects aged bone tissue material with greater collagen maturity, which has been associated with fracture risk [13] . Low XLR indicates new bone formation, similar to high HPO 4 .
e balance between bone formation and bone resorption is a primary determinant of bone strength. Osteoporosis develops when the rate of bone resorption exceeds that of bone formation, which leads to a decrease in BMD and the deterioration of bone structure and strength [20] . In the equivalent state, in which bone resorption and formation are balanced, positive correlations between bone resorption markers (uNTX) and FTIR parameters that are related to bone formation (HPO 4 and XLR), are observed. However, this correlation was only seen among men. In their report about osteoporosis in men, Szulc et al. demonstrated that high bone turnover had a smaller effect on bone mineral density among men and was not an independent risk factor for osteoporotic fractures compared to women [21] , whereas there is plenty of evidence that indicates that bone turnover markers can predict osteoporotic fractures in postmenopausal [22] and perimenopausal women [23, 24] . e results of recent studies suggest that the balance between bone resorption and bone formation is disrupted in a considerable proportion of peri-and postmenopausal women. Shieh et al. created a "bone balance index (BBI)" by estimating the relationship between resorption (uNTX) and formation (osteocalcin) markers and showed that a BBI decrease (negative bone balance) was significantly associated with faster BMD decline [23] . Furthermore, Gossiel et al. demonstrated that postmenopausal bone loss in women is associated with both an increase in bone turnover and a negative bone balance [25] . In contrast to women, there are no studies on bone balance issues in men. However, this smaller impact of bone turnover markers on fracture risk in men could be partially explained by our findings, which showed a relatively balanced bone formation in male patients.
Other FTIR parameters, such as Min/Mat, C/P, and XLR, increase when bone tissue is aged or matured [9] . Among these parameters, our results showed that only Min/Mat in iliac crest was significantly positively correlated with uNTX among women in univariate analysis. An increased Min/Mat is a marker for mature or old bone tissue [9] . Previous reports demonstrated that Min/Mat of high bone turnover patients was lower than that of normal subjects [26] and patients undergoing alendronate therapy, which makes uNTX lower, had higher Min/Mat values [27] . According to these results, uNTX should have a negative correlation with Min/Mat, but our univariate analysis demonstrated an inverse result. We believe these inconsistent results might be explained by the effect of age. In general, bone resorption markers increase in peri-/postmenopausal women with advanced age. In fact, no significant association was observed between Min/Mat and uNTX in our multivariate analysis with age adjustment.
Most of the previous human studies utilized iliac crest bone samples only for FTIR measurement and there are no known studies on vertebral bone. In this study, we biopsied bone tissue from two different bone sites: iliac crest and vertebra. ere are reports of regional differences in bone material properties between cortical and trabecular bone [13, 15], as well as in different parts of the same bone (femoral neck) [15] . In contrast to previous studies, however, our results showed similar trends between uNTX and each FTIR parameter for two bone sites (iliac crest or vertebra), as well as bone compartments (cortical or trabecular). It remains unclear which region is the best to evaluate overall bone health or fracture risk. e values from a specific site might reflect the fracture risk of the same site better; however, further studies are needed to elucidate the role and clinical implications of regional and anatomical differences. Despite the prospective design of this study, our study had several limitations, mainly due to its exploratory nature. e first issue is the small sample size of this pilot study; therefore, it cannot be concluded that no correlation exists between nonsignificant variables and uNTX because of low statistical power. A small sample size was also challenging to control potential confounders for bone health. Second, this study analyzed the association between FTIR parameters and a bone resorption marker (uNTX) that is measured in daily practice and the standard bone formation marker (serum procollagen type I N-terminal propeptide (PINP)) was not included. ird, although uNTX is less sensitive to circadian changes and food intake than other bone turnover makers and widely used in daily practice, the official recommendation of the International Osteoporotic Foundation and International Federation of Clinical Chemistry for the reference bone resorption marker in clinical studies is not uNTX, but serum C-terminal telopeptides of type 1 collagen (CTX) instead. e recommendation to use CTX as a reference marker is for facilitating comparison of results among different studies [28] .
us, care should be taken when comparing the results of this study with others. Moreover, although standard biopsy instructions were provided to operating surgeons, each biopsy sample was subject to differences in manual extraction technique that may not have resulted in specimens from the exact same location. Lastly, samples included for analyses were from Caucasian patients who underwent instrumented posterior lumbar fusion surgery; thus our results might not be generalizable to other patient populations. To overcome these limitations, we are currently performing a prospective study with a larger sample size and refined methodology.
Conclusion
is study demonstrated an association between a commonly used bone turnover marker uNTX and bone material properties. It also suggests that previously observed sexual differences regarding bone health might be caused by differences in the balance between bone breakdown and new bone formation.
ese findings might help direct future studies to clarify the underlying mechanism of observed sexual differences in osteoporosis.
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